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Over recent decades, wide-ranging research has been focused on algae due to their potential applications, e.g.,
for biomass, extract and “third”-generation biofuel production. In particular, microalgae, which are very fast-
growing organisms with low nutrient requirements, are ideal research objects. This review focuses on one of
the most significant microalgae genus, i.e., Dunaliella, which includes D. salina and D. tertiolecta. The valuable
components of these unicellular eukaryotes include glycerol, carotenoids (such as zeaxanthin and p-carotene)
and many others, which mainly accumulate when these microalgae are affected by stress conditions (i.e., hy-
persaline and oxidative stress). The rapid growth of these microalgae in artificial/natural systems certainly has to
be based not only on nutrient uptake and photosynthesis rates but also on efficient nucleotide metabolism.
Nucleoside diphosphate kinases (NDPKs), which are considered conserved housekeeping proteins responsible for
nucleotide turnover, could play an important role in this context, together with proper mitochondrial and
chloroplast function. A more detailed understanding of the biochemical nature of Dunaliella spp. will help
optimize the massive cultivation of these microorganisms. Ultimately, it will facilitate the greater use of coastal
waters to multiply Dunaliella biomass production significantly. This strategy will save freshwater resources, e.g.,
in obtaining land plant oils to make biofuels. Greater access to different algal bioactive compounds may support
the treatment of various diseases, such as asthma, eye diseases, cancer, and viral infections.

1. Introduction consider the benefits of microalga-derived goods. Recently, the greatest
production performance of microalgae in artificial systems has been
associated with three genus: Chlorella, Dunaliella, and Tetradesmus

[3,4,8].

Microalgae are mostly autotrophic unicellular eukaryotes that are
typically found in freshwater, brackish and marine ecosystems [1,2]. For

years, >40,000 species of these organisms have been considered for use
as alternative sources of food, biofuels and medicines [3,4]. Currently,
hundreds of microalgae species are cultivated both under closed and
open aquacultures, but significant biomass for industry is produced from
fewer than 20 taxa [5,6]. It is estimated that the microalga-based global
market will reach more than 56.5 billion American dollars by 2027,
according to a compound annual growth rate of >6% from 2019 to 2027
[7]. Therefore, modern, developed societies should more carefully

In this paper, we highlight the scientific, medicinal and industrial
and, thus, commercial potential of a unique group of microalgae —
Dunaliella spp. The rapid growth rate, effective biogen assimilation, fast
adaptability to stresses (mostly abiotic), and variety of useful bio-
compounds observed in representatives of this genus present great po-
tential for novel human applications [8,9]. Efficient energy transduction
has to be a critical factor in the success of Dunaliella spp. evolution.
Finally, nucleotide metabolism will be considered here, with an
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emphasis on nucleoside diphosphate kinase (NDPK).
2. Taxonomy and description of Dunaliella spp.

Marine microalgae from the Dunaliella Teodoresco (1905) genus
belong to the phylum Chlorophyta (green algae), order Chlamydomona-
dales, and family Dunaliellaceae [1,10]. Currently, the genus Dunaliella
includes 26 distinct species, which are commonly accepted taxonomi-
cally. The best-recognized species of Dunaliella are D. salina (Dunal)
Teodoresco 1905, D. tertiolecta Butcher 1959, and D. viridis Teodoresco
1905 [8].

Dunaliella spp. are planktonic, unicellular, photosynthetic, motile
biflagellate algae [1,9-12]. The cells are radially symmetrical, slightly
asymmetrical, ellipsoidal, oval, ovate or close to these shapes (Fig. 1).
The two flagella (of equal length) may be even 2.5 times as long as the
cell length. A single posterior chloroplast (often cup-shaped) occupies
the majority of the cytosol and contains axial (nearly medial) or basal
pyrenoids as well as stigma (in chloroplast lobe), which may not be
clearly delineated. The anterior of the cell is colorless and free of chlo-
roplast. Interestingly, all Dunaliella representatives lack a cell wall,
which makes these organisms more flexible. The wallless form is an
unusual feature that distinguishes Dunaliella spp. from other green
microalgae. Such a unique property means that Dunaliella spp. can be
readily digested by the majority of animals, including humans [8,13].
However, Dunaliella cells are not always completely naked as mucilag-
inous coat (containing glycoproteins) is sometimes evidenced
[8,9,11,14]. This covering with a spongy structure, referred to as peri-
cellular matrix, may be even approx. 20 times wider than the plasma
membrane itself (based on the analysis of D. salina) [14]. Unfortunately,
the composition of this layer is still poorly understood.
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3. Structural, physiological and biochemical advantages of
Dunaliella spp.

The cells of Dunaliella spp., which naturally lack wall layers, make
them suitable model organisms for studying stress signaling [9,15,16].
The absence of a rigid cell wall (eliminating a significant physical bar-
rier) makes these microalgae more penetrable to exogenous substances/
molecules [8,17]. Therefore, osmoregulation, carbon metabolism, gene
expression, photosynthesis rate and growth rate have been tested in the
context of different environmental conditions, pollutants, and toxicants.
Interestingly, under stress conditions, Dunaliella spp. enhance protein
biosynthesis and accumulate low-molecular weight organic compounds
(such as glycerol and carotenoids) as well as sugar-based biopolymers (e.
g., starch) (Fig. 2) [14,18-22]. Thus, the potential of these microor-
ganisms for use on an industrial scale has been noted. D. salina and
D. tertiolecta are generally considered commercially important species
[8,16,21], and numerous easy-to-grow Dunaliella species/strains are
deposited in culture collections, e.g., Culture Collection of Algae (SAG)
at Gottingen University, Germany [11].

4. Distribution and ecology of Dunaliella spp.

Species of the Dunaliella genus are generally found in all oceans and
continental inland waters [1,9,11,23]. Most taxa are euryhaline (e.g.,
D. tertiolecta, D. primolecta Butcher 1959, D. polymorpha Butcher 1959,
and D. quartolecta Butcher 1959) and thus occur in brackish to marine
ecosystems. Therefore, these species are quite tolerant to salinity fluc-
tuations. Moreover, some of them (e.g., D. parva W. Lerche 1937,
D. pseudosalina Massjuk and Radchenko 1973, D. salina and D. viridis)
inhabit hypersaline waters worldwide, including coastal lagoons and
salt lakes. The global distribution of Dunaliella spp. is closely related to
tolerance toward a wide range of environmental parameters (predomi-
nantly salinity, temperature, and light exposure); however, existence in
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Fig. 1. Schematic ultrastructure of Dunaliella spp. B-Carotene is concentrated in small globules within the chloroplast, while lipid droplets are deposited in the
cytosol. NDPK — nucleoside diphosphate kinase hexamer targeted to mitochondria (an example of a reaction catalyzed by this enzyme is shown — see also Sec-

tion 6).
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Fig. 2. Effect of stressful conditions on the increases in valuable organic compounds accumulated in Dunaliella spp. A microphotograph of D. tertiolecta (SAG 13.86)

cell is shown as an example.

extreme habitats such as habitats with poor access to water is also
possible. For example, some Dunaliella cells can exist for many years in
naturally saturated salt basins, such as the Dead Sea (Israel/Jordan) and
Great Salt Lake (USA), and even among damp crystals from coastal salt
pans [23]. In addition, one acidophilic species (D. acidophila (Kalina)
Massjuk 1971) was originally found in ecosystems with an extremely
low pH (even <1.5) in Europe [24,25]. It must be kept in mind that in
freshwater and marine phytoplankton communities, Dunaliella spp. are
usually less well represented than other microalgal taxonomic groups,
which is probably the reason for the poor understanding of Dunaliella
ecology [9]. On the other hand, in hypersaline environments (>3.5%),
Dunaliella spp. can form large-scale blooms known as “red tides”, which
occur mostly in the summertime. Under these circumstances, Dunaliella
is the dominant microalgal genus in the ecosystem and is consequently a
major producer of biomass.
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5. Commercial potential of biomass and extracts derived from
Dunaliella spp.

Only certain strains of D. salina and D. tertiolecta present biotech-
nological importance [8,15,26-28]. Specifically, the demand for alga-
derived lipophilic compounds (such as carotenoids and tri-
acylglycerides) is increasing each year [7]. The significant commercial
potential of Dunaliella spp. is based on the stress-induced (mainly
salinity, irradiance, and nitrogen depletion) intracellular accumulation
of carotenoids (even >15%, dw, of which approx. 10% may constitute
B-carotene) and triacylglycerides (even approx. 40%) in the form of
easy-to-observe globules (Figs. 1 and 2) [9,14,26,29-31]. This kind of
response is thought to protect negatively affected algae cells, for
example, it could counteract excessive reactive oxygen species (ROS)
generation. Increased amount of nonenzymatic (low-molecular weight)
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Fig. 3. Three main sectors using Dunaliella spp. biomass and extracts. Microphotographs of D. tertiolecta (SAG 13.86) cells are shown as an example.
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antioxidants (such as carotenoids) together with increased activity/
expression of some antioxidative enzymes (e.g., glutathione peroxidase)
might be involved in the alleviation of oxidative stress [9,19,22].
Therefore, these nontoxic microalgae rich in bioactive compounds serve
as aresource for the production of medicines and are promising material
for biofuel technologies (Fig. 3) [27,32]. Functional ingredients from
Dunaliella spp. have also been introduced in the gastronomy and
cosmetic sectors [33-36].

Although Dunaliella spp. have been successfully grown in outdoor
(open) and indoor (closed) cultivation systems [28,37], their viability
and thus biomass production efficiency may be restricted by some
abiotic stresses induced by anthropogenic pollutants accumulation in
the environment [20,38-40]. Importantly, the concentration of heavy
metals and common salts in Dunaliella biomass should always be
determined before processing [41]. For this reason, harvesting Duna-
liella cells from random places is not recommended. Only closed,
controlled cultures are safe to operate and should thus be applied for the
production of animal/human feed or as a source of bioactive compounds
for pharmacology and cosmetology.

5.1. Effects of Dunaliella-derived preparations on animals

The influence of liquid and dry products extracted from Dunaliella
cells has been tested on animals, including both invertebrate and
vertebrate species, and in cell lines. Dunaliella-based preparations have
received considerable attention because they may protect against some
diseases or improve treatment. Currently, D. salina-based preparations
are most commonly used for their beneficial effects because this
microalga is an extremely rich natural source (the most abundant of all
known) of p-carotene (approx. 10% in some strains) [9,29-31]. The
amounts of all-trans and 9-cis isomers of p-carotene in D. salina are
variable and depend on red light exposure which increases the pool of
the 9-cis form [42]. It should be highlighted that 9-cis-B-carotene ex-
hibits a stronger antioxidant capacity than all-trans-p-carotene, i.e., the
cis bond is more reactive (has a greater affinity for free radicals) than the
trans bond [43-45].

Interesting results were obtained by analyzing the effects of D. salina
extracts on rat liver cells (line HSC-T6 and NRL clone 9) [46]. The
natural mixture of various carotenoids, mainly consisting of all-trans-
B-carotene and 9- or 9'-cis-p-carotene in proportion approx. 1:1 of trans
to cis forms (~90% of the extract) resulted in a greater limitation of
hepatotoxicity (artificially induced by cadmium chloride, CdCly) than
all-trans-p-carotene alone. Similar ratio of all-trans-f-carotene and 9- or
9’'-cis-B-carotene among total carotenoids (without extraction) of intact
D. salina cells (orally administered as a water suspension of algae) were
tested against murine leukemia (induced by intravenously injected cells
of the WEHI-3 line) [47]. Three different doses of D. salina (184.5, 369,
and 922.5 mg/kg body for 2-4 weeks) were shown to exert immuno-
modulatory effects in vivo (e.g., increased phagocytic activity by mac-
rophages) and extended the life of leukemic mice. Interestingly,
commercially available synthetic p-carotene (922.5 mg/kg body) may
cause a similar effect to the lowest dose of carotenoid mixture from
D. salina (184.5 mg/kg body). Another animal models confirmed that a
diet enriched with Dunaliella preparations can positively affect the im-
mune response and survival rate [48,49]. Specifically, food supple-
mented with a Dunaliella extract (with carotenoids such as all-trans-
B-carotene, 9-cis-p-carotene, a-carotene and lutein in total concentration
of ~10 pM) improved the mitochondrial function (cellular respiration)
of common fruit fly males (Drosophila melanogaster) [48]. In particular,
the total level of ATP increased by 26.5%, to which oxidative phos-
phorylation (OXPHOS)-dependent ATP synthesis is normally the major
contributor. During the aging of these insects (both sexes), the most
beneficial effect was also achieved with an ~10 pM mixed solution of
different carotenoids (see above). Ultimately, an augmented whole-body
metabolic rate (by 27% and measured via CO, production) observed
upon this type of Dunadliella extract treatment favored the mobility
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(climbing ability) of flies and prolonged their lifespan (by up to 32.6% in
the case of males). These experiments supported the view that carot-
enoids are associated with the amelioration of biological functions [50].
In the case of another invertebrate, the black tiger shrimp (Penaeus
monodon), a proper diet containing Dunaliella-derived preparation, also
had a beneficial effect on immune functions and survival [49]. The
shrimp that were fed pellets (to satiation) with D. salina extract (con-
taining 125, 200 or 300 mg B-carotene/kg diet) showed faster weight
gain, increased resistance to white spot syndrome virus infection, and
increased tolerance to habitat stress (dissolved oxygen deficiency).
Curiously, the shrimp fed a diet supplemented with D. salina-derived
ingredients showed a more reddish coloration after boiling (compared to
the control) and thus must have accumulated carotenoids. Moreover, in
vivo studies have shown that a diet enriched in D. salina biomass protects
the central nervous system of rats [13]. The microalga meal contained
an 8% p-carotene stereoisomer mixture (nearly 1:1 of 9-cis- and all-trans-
forms). Specifically, the provision of a 1 g p-carotene/kg diet for one
week counteracted hyperoxia-induced seizures correlated with ROS
toxicity (i.e., the development of the disorder was delayed). Impor-
tantly, the protective effect is rather strongly limited for commercial
(synthetic) all-trans-p-carotene or oxidized (aged) p-carotene from
D. salina powder (0.3 ratio for 9-cis- to all-trans-forms), which were also
administered together with a normal, well-balanced diet to rats. The
active substance in this case is probably vitamin A (retinol), derived
from its precursor, 9-cis-B-carotene. It has also been revealed that 9-cis-
B-carotene is more directly linked with the antiperoxidative effect
observed in rats in vivo than its all-trans counterpart [44]. In another
study, doses of D. salina preparation (750 mg of endogenous substances
within 3 days in total) were administered intragastrically to diabetic
rats, but some of the obtained results were unexpected [51]. While a
significant drop in triglycerides, and a slight drop in cholesterol in blood
plasma were beneficial effects, increased hyperglycemia was a side ef-
fect. A similar approach demonstrated that a two-step treatment of rats
with a D. salina biomass (daily 100 or 200 mg/kg body, 7 days in total)
efficiently alleviated intestinal mucositis resulting from gamma-ray
irradiation (6 Gy dose) [52]. Therefore, D. salina constituents (regard-
less of the dose tested) that protect the intestinal mucosal barrier
through antioxidant and anti-inflammatory actions may aid in the re-
covery of oncological patients exposed to ionizing radiation. Moreover,
the carotenoid-rich fraction of D. salina (crf-DS) administered orally
(daily 150 mg/kg body for 6 weeks) showed therapeutic efficiency
against some negative effects of obesity [53]. Specifically, the dietary
supplementation of rats with obesity (induced by a high-fat diet) with
crf-DS attenuated obesity-associated cardiac dysfunction (i.e., heart
failure involving congestion and vascular fibrosis, which were symp-
toms observed when crf-DS was not administered). Interestingly, a
controlled crf-DS diet and standard drug against obesity, i.e., orlistat (12
mg/kg body) as the lipase inhibitor, were practically equally effective in
the protection of the heart. Similarly, forage support with oral tablets
with an ~73% content of D. salina biomass (daily 100 mg/kg body for 4
weeks) can show an antifibrotic effect in rat liver [54]. An impact
assessment of diet supplemented with D. salina preparation (containing
B-carotene) against neoplastic changes (mammary tumors) was per-
formed in virgin mice and showed the success of this approach [55,56].
In addition, an aqueous extract of D. salina intratumorally injected into
mice with breast cancer showed a significant curative effect; i.e., tumor
growth was restricted (probably via cytotoxic effects on cancer cells —
based on in vitro studies with 4T1 mouse mammary tumor cells) [57].
Notably, clear therapeutic effects were observed with preparations ac-
quired from D. salina cells grown under stress conditions, i.e., under high
salinity (~11.7% NacCl), intense light (540 pmol photons/mz/sl) and a
strongly limited nitrogen source.

The food safety aspects of dehydrated D. salina biomass (5 or 10% of
forage) have been evaluated in multigenerational studies on rats [41].
Dietary supplementation with this biomass (2% p-carotene and 12% of
other lipid compounds, 17% protein, 18% glycerol, 24% carbohydrate,
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and 27% others) consistently administered for a year had a rather
neutral influence on the growth, reproduction, behavior, appearance,
and general pathology of animals from all examined generations (four in
total). Intriguingly, both anti- and proinflammatory effects of Dunaliella-
based preparations were noted at the highest dose (food with 10%
microalgae biomass) within one year (based on first generation studies).
While cases of chronic cholangitis and interstitial nephritis decreased,
the number of individuals with focal bronchopneumonia significantly
increased (explained as a possible side effect of D. salina powder irri-
tating the respiratory system). There are generally no contraindications
for the consumption of Dunaliella biomass by humans, which is sup-
ported by independent research on rats (and additionally on mice) [58].
The authors of this work found no organ failure (cardiac, renal, and
hepatic toxicity) of high doses of D. salina powders (daily dose of up to
100 mg/kg of body weight for 3 months), which, as a side effect,
significantly stimulated the synthesis of hemoglobin relative to the
control groups. Therefore, Dunaliella spp. products may contribute to the
treatment of various human diseases, such as anemia. In summary, the
composition of tablets (containing proper solubilizers and bioenhancers)
and the degree of fragmentation of the biomass (nondusting) will be
conducive to the desired pro-health effect [41,54].

5.2. The potential use of Dunaliella-based preparations in the treatment of
human diseases

The responses of various human cell lines to Dunaliella-derived
preparations were also the subject of research. Different extracts of
D. tertiolecta (after the lyophilization of microalgae followed by organic
solvent treatment) were shown to exert potent antiproliferative activity
against a human mammary cancer cell line (MCF-7) [59]. Although
epoxycarotenoid (violaxanthin) is naturally produced and accumulates
in Dunaliella cells only at low concentrations (approx. 0.06% w/w
freeze-dried biomass), it has been shown to be a bioactive substance
with strong anticancer effects (inducing apoptosis). Melanoma can also
be cured by D. salina-derived preparations [60]. Ethanol extracts of
algae cultivated under stress conditions (35% salinity and 4000 pmol
photons/m?/s! light intensity) were found to contain approx. 50% more
fB-carotene (compared to optimal conditions, i.e., 15% salinity and 100
pmol photons/mz/sl) and to be more effective against a human skin
carcinoma cell line (A431) by increasing the cell death rate. These data
are in accord with the findings of another report demonstrating the in-
fluence of D. salina ethanol extract on a human lung cancer cell line
(A549) [61]. Cell cycle impairment and apoptosis were noted as anti-
proliferative effects of this type of preparation with approx. 6.9% (w/w)
B-carotene. The remarkable biocatalyzator properties of the aqueous
extract of D. salina (rich in phenols, flavonoids, and proteins) may be
exploited for the formation and stabilization (as a reducing and capping
agent) of gold and silver nanoparticles [62,63]. Such metal-
biocompound aggregates are generally nontoxic to a normal human
breast cell line (MCF-10A) but exert activity against a related cancer cell
line (MCF-7). Targeting of active substances from Dunaliella extracts is
probably improved thanks to Au/Ag nanoparticles. Therefore, Dunaliella
spp. may represent a supportive tool in anticancer therapy applied as a
nanomedicine.

The introduction of microalgal biomass for human health is contin-
uously developing [64]. Tablets containing processed Dunaliella cells
could possibly protect against/prevent the development of broncho-
constriction symptoms or even asthma syndromes [65]. For example,
the intake of hard capsules containing 250 mg of nonmodified D. salina
powder (with 8% p-carotene) three times a day for a week (approx. 60
mg/day of B-carotene, stereoisomer mixture) produced a promising
result. Specifically, among 38 patients (aged 8 to 33) with a proven
predisposition for exercise-induced bronchospasm, the negative post-
exercise effect was partially abolished in 53% of the subjects (20 people)
after such supplementation.
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5.3. Optimization of Dunaliella biomass and extract composition for
industrial purposes

Marine and freshwater biomass may be used in many branches of
industry, but the exploitation of mass cultures of microalgae to obtain
biofuels may be of particular importance for future applications (Fig. 3)
[66-68]. It should be noted that some microalgae are much more
effective oil producers than commonly known oil crops [69]. Dunaliella
spp. might also be suitable for fuel oil manufacture [26,27,68-71].
Interestingly, the residual Dunaliella biomass after oil extraction could
be further utilized for purposes such as bioethanol generation (using
Saccharomyces cerevisiae) [70]. Biodiesel production from Dunaliella
cells could also be indirectly supported by the integration of different
factory bioreactors with the aim of carbon (derived from yeast alcohol
fermentation) capture by microalgal cultures [71]. Such an approach, i.
e., controlled bioassimilation of CO; (e.g., released during brewing) to
increase the growth rate (and thus finally productivity) of algae, is in
accord with global policy aimed at limiting CO» pollution.

As mentioned above, a protective effect against environmental
stressors exerted on Dunaliella spp. is the overaccumulation of organic
compounds (as a result of early rapid and long-term responses) such as
carotenoids (e.g., a-carotene, B-carotene, lutein, and zeaxanthin), glyc-
erol, fatty acids [e.g., a-linolenic (18:3), oleic (18:1), and palmitic (16:0)
acids], and many others (Fig. 2) [18,71-74]. These robust defense
strategies have ultimately been exploited for commercial purposes. As
some Dunaliella spp. can easily adapt to diverse saline conditions; thus,
they are ideal microorganisms for achieving controlled biosynthesis in
both natural and artificial seawater. Interestingly, the presence of
exogenous NaNj3 (sodium azide — toxic inorganic salt) at ~0.3-0.6%
and increased salinity (~8.8-14.6% NaCl) may act synergistically to
significantly increase the contents of some lipids in D. tertiolecta cells
without severely compromising algae viability (after 12 days) [38].
However, NaN3 may simultaneously cause clear decreases in chlorophyll
and carotenoid pools. Similarly, toxic triethylamine (0.005-0.02%
CeH15N) stimulates the formation of lipid globules in D. tertiolecta cells
and negatively affects their chlorophyll content, carotenogenesis, and
algae number (steep decreases) [39]. In this study, fatty acid profiling
revealed the largest increase in palmitic acid (16:0) after treatment with
this chemical inducer. Curiously, it has been reported that in D. salina,
triethylamine (0.005%) at higher salinity (~8.8% NaCl) promotes
maximal lycopene accumulation after 3 days of treatment [20]. Lyco-
pene is a linear carotenoid and intermediate for a- and p-carotene for-
mation. The decrease in cellular $-carotene concentration under such
conditions could be explained by C¢HisN-mediated inhibition of lyco-
pene cyclase. Therefore, the positive feedback between stress conditions
and the desired increase in bioproduct synthesis is a complex subject.

Zeaxanthin belongs to the group of xanthophyll carotenoids and
predominately accumulates in the human eye in the area of the macula
lutea of the retina [75,76]. Therefore, this potent antioxidative sub-
stance counteracts age-related eye disorders and constitutes a very
prominent exogenous (dietary) component, which is also used for food
supplementation and pharmaceutical applications. Importantly, some
mutant of D. tertiolecta (mp3, previously known as mut12) is able to
hyperaccumulate zeaxanthin at levels up to 15% (per cell at ~8.8%
NacCl) higher than those in the parent zeaxanthin-accumulating mutant
strain zeal [75]. Generally, wild type Dunaliella are much poorer pro-
ducers of zeaxanthin (regardless of salinity) than zeal strains [9,75]. It
should be highlighted that extremely high salinity (from 17.5% NaCl)
decreases maximal zeaxanthin synthesis in D. tertiolecta cells of mp3 and
zeal mutants as well as cell density [75]. Accordingly, B-carotene
accumulation is also sensitive to hypersaline conditions (the drop is very
pronounced at 14.6%, 17.5%, and 20.4% NaCl) [20]. The induction of
glycerol and lipid biosynthesis (including triacylglycerides) in Dunaliella
cells is also regulated by the salinity gradient [26,37]. The lipid fraction
of D. tertiolecta may increase with increasing salinity (from ~3% to
5.8%), but NaCl concentrations higher than 5.8% start to impede further
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cell growth, which is drastically limited in the presence of ~11.7% NaCl
[26]. Analogously, in D. salina, the maximal level of glycerol was found
in the presence of ~11.7% NaCl, while 17.5-23.4% NaCl was clearly
less optimal for microalgal growth [37]. The same is true for phytos-
terols produced by D. tertiolecta and D. salina, which were found to show
significantly decreased levels with increasing salinity (NaCl concentra-
tion higher than 3.5% may limit sterol accumulation) [77]. Phytosterols
are another group of functional ingredients with multiple beneficial
effects on health, e.g., ergosterol, which is one of the most abundantly
produced sterols in D. tertiolecta and D. salina, is provitamin D2. More-
over, phytosterols of different origins can minimize the risk of certain
diseases, such as various types of cancer and some cases of heart failure
[67,78].

In summary, depending on the direction and scale of bioproduction,
the culture conditions of microalgae have to be precisely adjusted
(Fig. 2). Improvements in the extraction methods applied to obtain
biomolecules from Dunaliella cells are also expected.

6. Nucleotide metabolism in plants, including microalgae such
as Dunaliella spp.

To achieve a detailed understanding of Dunaliella spp. growth, it is
very important to analyze the general metabolism and distribution of
various nucleotides in the cells of these algae. Purine nucleotide chan-
neling is critical for cell survival [79]. In turn, accessibility to phos-
phorus affects intracellular nucleotide pools in eukaryotes, including
phytoplankton, and thus influences their growth rate [80]. Mitochon-
drial OXPHOS delivers the majority of ATP for energy-consuming pro-
cesses in heterotrophs; however, autotrophs can also rely on chloroplasts
to obtain ATP. Energy transfer between mitochondria and plastids
(photosynthetic and nonphotosynthetic) enables the optimization of
various processes, such as carbon fixation and growth, in terrestrial
plants and algae [81,82]. Importantly, ATP and GTP are not only
equivalents of “power currency” in living systems, but among others,
they also serve as building blocks for RNA and can donate a phosphate
group to other nucleotides (less phosphorylated) [83,84]. In turn,
monophosphate nucleotides may play a role in phosphorus storage
under conditions of phosphorus deficiency in marine eukaryotic
phytoplankton [80]. The translocation of adenine nucleotides across
mitochondrial and nonmitochondrial membranes in algae/plants is
mediated by different specialized carrier proteins [79,85,86]. The pas-
sage of guanine nucleotides through lipid bilayers is generally still
incompletely understood and has been only partly established for some
species of nonautotrophic and autotrophic unicellular eukaryotes
[83,86-89]. Nucleic acid biosynthesis in complex plastids of microalgae
may depend on transporters with broad substrate specificity for both
ribo- and deoxyribonucleoside triphosphates [79,86,87,89]. Intense
metabolic activity (involving mitochondria) that is necessary for the
rapid cell division of plants, including microalgae, also recruits trans-
phosphorylation enzymes [81,90-93]. The rates of OXPHOS and
different transphosphorylation reactions may also be positively related
in cyanobacteria [94]. In this context, the key enzyme is considered to
be NDPK, located in the cytosol and organelles [85,90,95]. This bivalent
metal cation-dependent phosphotransferase acts as an oligomeric com-
plex (usually hexamer) with broad substrate specificity [96-98] and is
ubiquitous in different forms of life, both prokaryotic and eukaryotic,
from bacteria to humans [90,95,99]. NDPK performs terminal y-phos-
phate group exchange between donor nucleoside triphosphate and
acceptor nucleoside diphosphate via a “ping-pong” mechanism, in which
transient phosphoenzyme (autophosphorylated intermediate) exist [e.
g., ATP (enzyme~P) + GDP — ADP + GTP (free enzyme)] [96,97]. Both
steps of enzymatic catalysis may require bivalent metal cations, such as
Mg?t. Consequently, NDPK is able to stimulate oxygen-dependent
respiration in different unicellular and multicellular organisms
through delivery of ADP to the OXPHOS apparatus [81,91,100-102]. It
is accentuated by the observation that NDPKs and mitochondrial ADP/
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ATP carriers (importing ADP into the matrix and exporting ATP into the
intermembrane space) in plants may be physiological interactants
(directly associated) [103]. This possibility is further supported by the
fact that changes in the expression level of plant NDPK correlate, for
example, with oxygen uptake and tricarboxylic acid cycle activity and,
thus, respiration, carbon metabolism and growth [91]. Namely, the
overexpression of NDPK alone may positively affect these apparent
metabolic rate parameters, promoting the recycling of ADP molecules
and a high ATP turnover rate. In contrast, Oy consumption by mito-
chondria isolated from unicellular eukaryotes without active NDPK (i.e.,
a yeast mutant) is decreased [101]. OXPHOS inhibition by carboxya-
tractyloside (inhibitor of mitochondrial ADP/ATP carrier) and/or oli-
gomycin (inhibitor of FoF; ATP synthase), which block very important
targets for ADP (generated, for example, by NDPK), also constrain the
capacity of the respiratory chain [100-102]. Plants generally possess
four types of NDPK isoforms, among which the cytosol (predominantly)
and the nucleus and peroxisomes (to a lesser extent) are the environ-
ments of type I NDPKs (products of ndpk1 and some ndpk4 genes); type 1L
NDPKs (products of ndpk2 genes) are deposited in the chloroplast
stroma; type III NDPKs (products of ndpk3 and some ndpk4 genes) are
located in both the mitochondrial intermembrane space and the thyla-
koid lumen; and type IV NDPKs (products of ndpk5 genes) constitute a
quite novel group and are currently not well understood (e.g., predicted
to potentially occur in the endoplasmic reticulum) [85,90,95].

NDPK also plays a protective role against multiple stresses, such as
cold stress, oxidative stress, salt stress, and herbicides, as this enzyme
positively contributes to the downregulation of the cellular redox state
[104-106]. In plants, this kinase may also help to survive transient
contamination with heavy metal ions, such as Ni%*, as it can show a
strong preference for phosphorylating ADP [96]. NDPK-dependent
compensation for ATP (e.g., in the roots of Alyssum murale M. Bieber-
stein 1808 — metal hyperaccumulating plant) may regulate the pool of
free histidine (at the initial and ATP-dependent step of its biosynthetic
pathway), which is crucial for nickel tolerance. Free histidine is
considered a high-affinity nitrogen-containing ligand of Ni2* in some
representatives of the Alyssum genus [107]. Aluminum ion resistance is
also strongly correlated with substantially increased activity of NDPK in
the root tips of some wheat strains [108]. Curiously, it has been shown in
plants (potato roots) that higher expression of cytosolic NDPK1 trans-
lates to an increase in ROS (seen as a side effect of an increased meta-
bolic rate), but without harmful effects [91]. However, the
overexpression of NDPK2 in Arabidopsis thaliana (Linnaeus) Heynhold
1842 may counteract elevated ROS levels [104]. Conversely, the elim-
ination of NDPK2 (in A. thaliana knockout mutants) favors a burst of
ROS [97,104]. The mechanism involving NDPK2 probably relies on
direct interaction with oxidative stress-sensitive reporters (i.e., specific
binding to certain mitogen-activated protein kinases within the phos-
phorylation cascade targeting stress-response genes) [104]. Moreover,
wild-type plants show substantially increased transcription of different
NDPK isoforms after exogenous ROS (H205) exposure, and in the case of
NDPK2, the response is the strongest at the earliest time point. NDPK2
(arabidopsis/tobacco) also plays a role in the context of salt sensitivity
[97,106], as does NDPK1 (rice) [109]. Salinity can even increase the
expression of NDPK (rice/tall fescue) [109,110] and the affinity of this
kinase (barley) toward ATP substrates [98].

The mechanism revealed in plants is analogous to that in green algae,
as mitochondrial NDPK of halotolerant D. salina is among the proteins
increased by salinity shock [22]. Interestingly, in Dunaliella cells the
expression of NDPK after salt stress is positively coupled with the
upregulation of energy metabolism proteins (i.e., with some subunits of
mitochondrial respiratory chain complex I and FoF; ATP synthase).
Generally, increases in the levels of proteins that are assembled into the
OXPHOS apparatus may be attributed to early salinity-responsive
pathways in D. salina [111]. The functional coexpression of mitochon-
drial NDPK and some elements of the OXPHOS system may indicate an
essential interrelationship between energy conversion
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(transphosphorylation) and membrane-associated energy transduction
processes in Dunaliella cells. Furthermore, in stressed plants (including
salt stress), upregulated expression of NDPK2 (arabidopsis) [104,105]
and other NDPKs (rice/tall fescue) [109,110] may positively overlap
with elevated expression of a variety of antioxidant genes, encoding
products such as catalase, peroxidase, and thioredoxin. On the other
hand, the increased production of plant NDPK2 (tobacco) may constitute
a compensatory change when cytosolic ascorbate peroxidase is sup-
pressed [106]. This kind of response may significantly increase cell
viability under salt stress. Intriguingly, ascorbate peroxidase of D. salina
belongs to salinity shock-decreased proteins [22]. To address this topic
further, NDPK1-catalase functional heterocomplexes were identified in
plants (arabidopsis) [112]. Therefore, all of these molecular and phys-
iological relationships require more detailed studies to reveal common
and complex strategies in all autophototrophic eukaryotes.

The importance of NDPKs to energy status may not be conserved in
all eukaryotes. The lack of this enzyme (encoded by a single gene) only
slightly affects the viability of the yeast S. cerevisiae, which can be grown
successfully [84,101]. In contrast, the absence of NDPK3 may be lethal
in plants (e.g., arabidopsis) [85]. This would be not surprising, as
NDPK3 isoforms in plant chloroplasts, which generate GTP (e.g., for
specific GTPases residing in the thylakoid lumen), may indirectly
regulate the function and dynamics of the photosystem II complex. The
currently known NDPK of D. tertiolecta is cognate to plant NDPK3
[90,113]. Thus far, this kinase has been identified only in Dunaliella
mitochondria, revealing the first confirmed NDPK in this organelle in
algae (Fig. 1) [22,113]. Strikingly, the long cleavable N-terminal mito-
chondrial targeting sequence of Dunaliella NDPK is recognized by yeast
mitochondria [113]. The biochemical and structural properties of NDPK
from D. tertiolecta (e.g., broad substrate specificity and hexameric or-
ganization) are quite concordant with homologs of other species [114].
The activity of NDPK in microalgae (marine diatoms) was analyzed in
association with the cell growth rate over a light gradient [93]. There
are some indications that the activity of this kinase is significantly and
positively correlated with the growth rates of Thalassiosira pseudonana
Hasle and Heimdal 1970. It must be noted that as the key auxiliary
enzyme with constant activity in green algae (Tetradesmus obliquus
(Turpin) M. J. Wynne 2016), NDPK is implicated in deoxyribonucleoside
triphosphates biosynthesis [92]. In addition, NDPK supports motility, as
the flagellar radial spokes of microalgae (Chlamydomonas reinhardtii P.
A. Dangeard 1888) contain this kinase [115,116]. The possibility cannot
be excluded that the axonemes of Dunaliella spp. also contain specific
NDPKs, which could deliver nucleotides other than ATP (probably GTP)
to regulate motor function. The investigation of nucleotide metabolism
in microalgae is therefore an exciting future direction for increasing
knowledge about processes such as energy provision in salinized
environments.

7. Conclusions

The various potential uses of Dunaliella spp. in science, industry and
medicine are certainly open questions (Fig. 3). A more detailed analysis
of nucleotide metabolism, including mitochondrial NDPK, will aid in
better understanding the specific nature of these microalgae, for
example, regarding their reproduction and distribution patterns.
Furthermore, special interest should be focused on abiotic stress factors
that increase the production of bioactive compounds that are valuable
for various consumers because changeable habitat/culture conditions,
such as salinity fluctuations, apparently affect energy conversion/
transduction processes in D. salina [22,111]. The modulation of mito-
chondria, in which proteins involved in nucleotide turnover are upre-
gulated, may be critical for the survival of Dunaliella spp. in the
environment. The optimization of growth conditions followed by the
moderation of massive cultivation costs will contribute to the more
common use of Dunaliella-based products to the benefit of mankind.
Currently, permanent access to freshwater resources is becoming a

Algal Research 60 (2021) 102474

major problem around the world, notably in regions with annual tem-
perature increases and high sensitivity to desertification. In the near
future, in many countries, plant cultivation and livestock breeding may
prove impossible because of potable water deficits. The mass cultures of
Dunaliella spp. in saline habitats that are unfavorable for many other
organisms present great potential for the use of “wasteland” areas.
Therefore, Dunaliella spp. aquafarming, especially in natural seawater, is
noncompetitive with freshwater-dependent industry, land plant agri-
culture, and animal husbandry [75]. Finally, medical facilities may
benefit from ingredients extracted from microalgae, such as various
types of carotenes and their derivatives, for the treatment of neoplastic
changes and pulmonary and cardiovascular diseases. Moreover, a lower
price and widespread availability of carotenoids for inclusion in regular,
balanced diets may solve some vision problems (including those in
children) that occur mainly in developing countries [117]. Curiously,
D. salina carotenoids can also lower virus titers in mammalian cells
(probably by counteracting increases in viral replication) [118]. In the
context of the coronavirus pandemic, the application of Dunaliella spp.
bioproducts could support clinical therapy against this pathogen to
overcome the risk of postinfection side effects, such as respiratory sys-
tem dysfunction and reinfection.
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